This paper describes the utilization of non-destructive imaging using 3D 
Introduction:
The past few decades have seen a dramatic proliferation of the number of IC package designs. Drivers such as reduced form factor and cost, while simultaneously achieving higher speed and bandwidth, has led to the development of a variety of complex microelectronic packaging solutions. These increasingly complex 3D packaging structures introduce new challenges and failure modes during process development and reliability testing. Prototype and package development require a full suite of characterization tools to image defects so that they may be eliminated. Isolating the failures is always challenging since they are typically buried inside the 3D structure. With the feature sizes of interconnects shrinking, some traditional methods no longer provide sufficient resolution. This can lead to incomplete information, limiting root cause analysis. Physical cross sections imaged using Scanning Electron Microscopy (SEM) provide high resolution. However, since the package is destroyed, further troubleshooting is no longer possible. In this paper we describe the utilization of non-destructive imaging using 3D x-ray microscopy for package development and failure analysis. Four case studies are discussed to explain this methodology and its impact on our advanced packaging development effort.
3D X-Ray Microscopy (XRM)
3D images are acquired through the use of a highresolution x-ray tomographic imaging system capable of submicron spatial resolution [the Xradia . At the heart of the system is a novel detector that couples proprietary x-ray scintillator technology with an optical magnification system. Unlike conventional CT systems that use only x-ray geometric magnification (the so-called "projection box" architecture), this x-ray microscope architecture utilizes a two-stage magnification system: first, the divergent x-rays contribute to geometric magnification as in a traditional system; second, the x-ray photons are converted to an optical photon image at the scintillator, and this image is then subsequently magnified through the optical system. This two-stage magnification approach allows for several key benefits, most critical of which is the ability to maintain high resolution even at a large source-to-sample-rotation-axis distance. This architecture is referred to as an "X-Ray Microscope" (XRM), both due to its use of optical magnification, but also due to the fact that different optical magnification strengths can be chosen by selecting optics from a turret, just as in a traditional optical microscope. This selectability of objectives allows for "zooming in" on features locally without having to cut or modify the sample. Figure 1 shows a schematic diagram of the X-ray microscope with a single optical element selected. Because conventional x-ray microcomputed tomography (micro-CT) architectures depend exclusively upon the geometric magnification [2] , they will lose resolution linearly as sample dimension increases. This is because in a traditional projection box architecture, the magnification is proportional to the ratio of the source-to-sample-axis and source-todetector distances. The XRM architecture, on the other hand, typically employs only a small amount of geometric magnification coupled with an optical microscope based detector. This unique design allows for the optical magnification strength to be chosen independently of the sample geometry. It is well suited for imaging advanced packages since it maintains resolution over a large working distance ( Figure 2 ). This enables high resolution imaging even for large packages (>10x10mm). Tomography requires imaging the sample repeatedly as it is rotated and then reconstructing the 3D image from this collection of images (projections). Because of this, the sample rotation axis must be set at a distance large enough for the sample to rotate completely around the axis without hitting the x-ray source. This means that the effective spacing required is determined by the long dimension of the sample, not the short dimension (which would be typical for simple 2D imaging). Hence, magnification of a traditional x-ray CT system decreases with the lateral size of the package. The "source to center of sample rotation" distance is determined by ½ of the long dimension of the package, resulting in the fall-off of magnification with package size as depicted in the red region of Figure 2 . Because of the decoupling of geometric and x-ray magnification in the XRM architecture, however, high resolution can be maintained even when the sample axis distance is increased. Thus, X-ray microscopy has greater resolution advantage the larger the package. For example, Figure 2 indicates, for a 60 mm sample, with a corresponding 30 mm center of rotation, an almost 10x difference in resolution. The following case studies illustrate the ways we have applied x-ray microscopy in our package development and failure analysis lab.
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Case Study #1: Electro-migration Failures
The requirements of high performance, high power applications within miniaturized devices has driven flip chip technology toward higher I/O counts with finer pitch interconnects. This results in higher current densities and elevated temperatures over the operation life of the package. Under these conditions, electro-migration failures within the package interconnect become more problematic. Electromigration failures begin with metal inter-diffusion, which is accelerated by current and heat. As the interdiffusion progresses, both material densities and composition change throughout the interconnect [1] . These density variations are the evidence of the progression of electro-migration caused by environmental stressing of an interconnect.
As part of our development process, we have characterized the electro-migration performance of Tessera's µPILR™ flip chip technology for 150µm pitch. Our test vehicle evaluated in this study was designed to emulate high performance computing and includes more than 10,000 µPILR interconnects. The package consists of a 20mm x 18mm die with an overall package footprint of 40mm x 40mm. Electrical evaluation of a 6 pair daisy chain was used for the EM experiments. Figure 3 shows a SEM cross-section image of the daisy chain. 
EM Failure Characterization Workflow
Electro-migration failures are inherently 3-dimensional; yet the majority of analytical techniques are 2D. Ultimately, we hope to correlate the 3D diffusion signatures of the interconnect with finite element analysis models. A more immediate goal is to obtain the maximum information about the failure in a non-destructive manner. To accomplish this, we adopted 3D XRM as part of our workflow to characterize the failures, as depicted in Figure 4 . When a failure occurs in the 6 pair daisy chain, our failure analysis process generally starts by imaging it with Scanning Acoustic Microscopy (SAM). Figure  5a shows a C-SAM image of what appears to be a trace break. However, the image doesn't have the resolution necessary to understand dynamics of the failure mechanism. Traditionally, SEM cross-section would be the next step. However, it is difficult to know from the SAM image which bump would provide the most information and what angle of physical cross section is optimal. Hence we have inserted 3D XRM as the next step in the workflow. The images obtained from an XRM system (Figures 5b and 5c) provide a detailed view of the failure that has proven to be very useful for root cause analysis. The XRM was used to image the bumps in the failure location to determine which bump should be physically cross-sectioned and the best direction in which to execute the cross section. Figure 5b is a 3D XRM rendering of the failure location definitively showing the broken trace. This 3D XRM dataset may be further analyzed by taking an unlimited number of virtual cross sections from any angle desired. The optimum angle for physical cross section may be selected without cutting the part. From this approach, further detail is revealed (Figure 5c ), which shows significant density variations across interconnect from the die to the substrate side. The µPILR copper post has diffused into the solder in the failed interconnect. Several regions within the failed bump indicate substantial density and compositional variation. This data enabled us to identify the optimum direction for cross-sectioning that intersects the largest number of defects. A SEM image of a physical cross section at the same bump location reveals excessive Joule heating induced voids near the UBM within the bump. Additionally, the microstructure of the marked area indicates a recrystallized solder, which may have evolved from a highly voided region of the interconnect. We surmise that as the electro-migration induced voids initiated and grew, it increased the bump resistance, effectively producing excessive Joule heating within the bump. The significant local heating resulted in melting and recrystallization of the solder (Figure 5d ) and the trace break.
The defects presented in the above example illustrate the capability of XRM to image material density variations. Future work in XRM will investigate the resolution of material composition and density variations. We will continue to build our FA libraries with 3D XRM data as a guide for supplemental cross sectional SEM analysis and develop a complete failure mode analysis.
Case Study #2: Artwork Verification
With the increasing demand for more bandwidth, finer pitch interconnects and processing power in mobile and high performance applications, hybrid die stacked packages, package-on-package and packagein-package technologies are becoming more attractive solutions to meet these requirements. Correspondingly, multi-layer package substrates are typically required to support these multi-die stack packages. To minimize costs, the package substrates must minimize substrate layer count, which results in effectively reducing the dimensions of lines and spaces in the metal layer thus creating process challenges in substrate manufacturing. The consequence is increased challenges for artwork inspection and verification.
While traditional inspection methods indicate a sound substrate, we have found unexpected failures including missing, open or shorted traces. Substrate failure identification by physical removal of each layer is a tedious exercise and does not provide information on failures at the interconnect vias. To address this shortcoming, we use 3D-XRM to image package construction and artwork fabrication within a substrate. The following example, a commercially available package with die wire bonded to the substrate, will illustrate our analysis.
An important capability of 3D XRM that we utilize for this application is its ability to do virtual cross sections. Once a 3D tomography is completed, the resulting 3D image may be cross-sectioned an unlimited number of times in any orientation. We use this for non-destructive layer-by-layer metal deconstruction to reveal the substrate artwork as shown in Figure 6 . This image shows each layer of the four metal layer substrate. While virtual cross-sections enable us to examine the artwork, they are also useful to reveal defects between the layers within vias. We are currently exploring the capabilities of imaging voids and microstructures within vias as we evaluate new materials for via fill in substrate technology development. We are encouraged by early results that XRM is capable of imaging the density variations within a via to assist with process optimization. 
Case Study #3: Camera Module Metrology
The desire for high resolution cameras integrated into cell phones and numerous personal device appliances requires a compact, low profile optic integrated with an image sensor. These low profile lenses have given way to new polymer materials, wafer level optics and wafer level packaging development [3] . Some challenges in the fabrication of the optical components are repeatable molding of complicated geometries from one stamp to the next, and delamination of molded polymer from the glass. Further complicating these challenges is the inability to image the lens directly using traditional methods. Verifying that lens formation has been successful and defect free has only been possible through actual system test, not physical inspection. An example of this problem is illustrated in this case study using a commercially available camera employing Tessera's Shellcase packaging for the image sensor (Figure 7) .
Unfortunately, when we prepare physical cross sections of these optical components, epoxy must be used to fill the air gap between the lens and the image sensor. Subsequent imaging with a scanning electron microscope cannot differentiate the epoxy from the polymer lens material; verifying the basic integrity of the lens, let alone its shape and dimensions cannot be measured, even with a SEM (Figures 7a and 7b) .
We added 3D XRM analysis to our camera module database collection since the imaging is much better for these materials systems. It has good sensitivity to the differential density between air and the polymers; the lens material may be non-destructively imaged without the need to embed it with epoxy (Figures 7c  and 7d) . XRM has become our new method for verifying lens material integrity. The next step beyond verifying the basic integrity of the lens material is to measure the optical prescription of the lens. While several analytical techniques may be used to assess the quality of the optical system through active image analysis, metrology on the camera is required to assess its physical characteristics. Standard metrology involves optical micrographs, surface profilometer measurements and physical cross sectional analysis. While a surface profilometer is used to compare the prototype parameters to the design features to ensure compliance with design, the large angles on some of these lens geometries make optical profilometry very challenging. Since 3D-XRM does not suffer from these challenges, we plan to evaluate it to determine if it can provide the sub micron resolution required to make the lens prescription measurement. An additional benefit to using 3D XRM is the asphericity, astigmatism and other variances between orthogonal dimensions that may be measured in a 3D scan. The non-destructive nature allows us to correlate with other optical performance tests. 
Case Study #4: Failure Analysis of Thermal Cycling With Flip Chip Technology
In this case study, we were evaluating the reliability performance of our 150µm flip chip technology. The same test vehicle utilized for the electro-migration experiment was utilized for this study. The packages underwent temperature cycling between -55°C to 125°C as per JEDEC specifications. First failure occurred after 2250 cycles. Failure analysis revealed solder fatigue failures as the primary failure mechanism. Figure 8 depicts the micro-cracks within the bump due to a typical fatigue failure. A physical cross section of the package is the only technique other than XRM that can identify these micro-cracks within the solder bumps. Unlike physical cross-sectioning, however, 3D XRM does not suffer from inadvertent propagation of cracks or delaminations during sample preparation since there is no need to section the part. Figure 8a is a SEM image of a physical cross section of the failed package. 3D XRM virtual cross sections, as shown in Figure 8b , are also able to identify the sub-micron size micro cracks developed within the bump. Since the XRM dataset could be utilized to obtain multiple cross sections at various orientations, it definitely gives more information on the fatigue failure within the bumps as compared to that obtained from a single physical cross section plane. Indeed, it is not uncommon for the crack connectivity between opposite surfaces of a bump to be non-planar, meaning that the entire crack connectedness cannot be observed in a single cross section. The ability to see the entire thickness of the bump at once allows for confirmation of crack continuity even if that crack is deviating out of plane. Note that different solder bumps are depicted in Figures 8a and 8b . 
Future Study
In addition to studying failures that have already occurred, it is of significant interest to be able to measure defects before they are at the stage of causing failure. In the best case, such defects could be controllably propagated and their evolution studied as they are on the path to failure. This is quite practical with the use of XRM, since the same sample can be measured multiple times during acceleration or other testing. Since resolution can be maintained at a distance from the x-ray source with the XRM architecture, samples can be placed inside active environmental control chamber to expose the package to various stressors. Typical environmental cells being evaluated today include tension/compression cells (up to kN of force), double-cantiliver beam (DCB) and 3-point and 4-point bending for studying delaminations and other crack propagation, temperature cells, including atmospheric control, and even electrically powering up the device during measurement. All of these provide rich avenues of study that we will be pursuing in the coming months for gaining a more detailed understanding of failure processes.
Conclusion
Advanced packaging trends are driving toward increasingly complex 3D structures that present new technical challenges and failure modes. Several examples of the challenges and resulting failures and characterization were presented here. Imaging these failures has been increasingly difficult to resolve using traditional methods. 3D X-Ray Microscopy has provided a flexible, non-destructive solution for advanced package development and may be used as an effective complimentary tool for failure analysis.
